capable of restoring neural function and reducing disabilities associated with stroke. One novel therapeutic option is multiple administration of cell therapy following stroke. Previous research has shown that two intravenous treatments of autologous mesenchymal stem cell (MSCs) were effective in patients with ischemic stroke [8] . Furthermore, it has reported that repetitive administration of MSCs induced formation and growth of new nerve cells in a neonatal hypoxia model, and oligodendrocyte restoration of the corticospinal tract [9] . In a recent study, multiple administrations of stem cells was more effective than MSCs based immune modulation in treating stroke [10, 11] . However, unlike previous reports on the effects of repetitive administration of stem cells on stroke, it remains unknown whether multiple injections of MSCs are superior to a single injection [12, 13] . Previous reports suggest that two days after MCAO model formation is the most effective time point for human umbilical cord derived mesenchymal stem cell (hUCB-MSC) treatment [14] . Further, endogenous neurogenesis has been shown to peak seven days after experimental MCAO [15] . In light of this, we hypothesized that additional hUCB-MSC treatment seven days after MCAO would improve functional recovery after stroke.
Currently, there are no published trials regarding the beneficial effects of repeated administration of hUCB-MSCs in ischemicstroke disease. However, repeated administration of hUCBMSCs to patients with large acute myocardial infarction resulted in a significant increase in left ventricular ejection fraction and a decrease in myocardial infarct size compared with single intracoronary injection [16] .
Therefore, we examined whether repeated hUCB-MSC administration in rats after ischemic insult would improve the outcome of MCAO model. Unexpectedly, however, we have found out that no significant therapeutic improvements following repeated treatments were observed although neurogenesis, angiogenesis, and anti-inflammation are found to be significantly activated in monotreated rats.
MATERIALS AND METHODS

Animals
Thirty adult male Sprague Dawley rats (200~250 g) were group housed in a temperature-controlled room with free access to food and water under 12 hour light-dark conditions. After surgery, twenty three of the thirty have survived and consequently, a total of twenty three rats were randomly assigned to post single two days (D2, n=7) or post double two and nine days (D2+7, n=5) or PBS-only (1X PBS single post two days, n=11) groups. All of the animals were cared and treated in accordance with the Guide for 
MCAO surgical procedure
Transient MCAO was induced with the intraluminal vascular occlusion method, as has been previously described [17] . The animals were anesthetized with xylazine (10 mg/kg, i.p.) and Zoletil 50 (75 mg/kg, i.p.). By using blunt dissection, the right common carotid, external carotid, internal carotid, and ptery-gopalatine arteries were exposed and isolated from the surrounding tissue. An embolus was inserted through the external carotid, into the internal carotid, and up to the origin of the MCA. Once in place, the embolus was tied in permanently and the incision closed. One and half hours after MCAO, reperfusion was performed by withdrawal of the suture. After recovery from anesthesia, animals were allowed free access to food and water.
Cell preparation and transplantation
This study was approved by the Institutional Review Board of MEDIPOST Co., Ltd (IRB No. 201002-01) and hUCB-MSCs were separated and maintained as described previously [18] . Umbilical cord blood was collected from umbilical veins after neonatal delivery with informed consent of the pregnant mothers. hUCB-MSCs were isolated by separation of mononuclear cells (MNCs) using a Ficoll-Hypaque solution (d=1.077 g/cm 3 ; Sigma). After transferring into minimum essential medium (MEM; Gibco) supplemented with fetal bovine serum (FBS; Gibco), MNCs were seeded in a culture flask at 5×10 5 cells/cm 2 . Cells maintained in a humidified 5% CO 2 at 37℃ formed colonies of spindle-shaped cells. At 50% confluence, cells were harvested after treatment with 0.25% (w/v) trypsin-EDTA (Gibco) and were reseeded for expansion. Prepared cells were administrated into three experimental groups at the anteroposterior, +1.0 mm from bregma, laterally +3.0 mm and dorsoventrally -5.0 mm, according to the stereotaxic atlas for Paxino and Watson (1986): In group one, rats were given 1X PBS injected intrastriatally two days after MCAO. In group two, rats were given hUCB-MSCs (5.0×10 5 cells) in 5 µl total volume (1X PBS) injected intrastriatally two days after MCAO. In group three, rats were given hUCB-MSCs (5.0 X 105 cells) in 5 µl total volume (1X PBS) injected intrastriatally two and nine days after MCAO.
Behavioral testing
Limb placement tests (LPTs)
LPTs included eight subtests and were performed two days after Repeated Therapy Using hUCB-MSCs for Ischemia ischemia as previously described [19] . Briefly, the test consists of three domains: (1) visual forward, (2) visual lateral, and (3) proprioception. Visual forward measures forelimb flexion by holding up the tail and evaluating the stretch of the forelimbs towards the table: normal stretch, 0 points; abnormal flexion, 1 point. Visual lateral is a measure of forelimb stretch by stimulating the rats whiskers while the examiner holds the rats trunk. The visual lateral is scored by 0, 1, 2 and 3 points: normal lifting, 0 points; abnormal lifting, 1, 2, 3 points according to the times of normal stretch. Proprioception measures the upward movement of the forelimb and hindlimb on a table after pulling the forelimb and hindlimb down below the level of the table. This is repeated three times and scored as follows: normal lifting, 0 points; abnormal lifting, 1, 2, 3 points according to the times of normal stretch. Therefore, the highest total score is 10.
Rotarod test
An accelerating rotarod (Panlab) provides an index of fore and hindlimb motor coordination and balance [20] . The duration that the rat remained on the accelerating rotating rod was measured. The velocity was slowly increased from 4 rpm to 40 rpm within ten minutes. A trial was terminated when the rat fell from the rotarod. The animals were trained three trials per day for three days before MCAO to obtain stable baseline values (in seconds). Motor test data are presented as percentage of mean duration (three trials) on the rotarod compared with the internal baseline values.
Measurement of infarct size in rat brain slices
Measurement was conducted as previously described [17] . In briefly, we picked five slides between the start and endpoint of infarct. Cresyl violet staining of tissue sections was carried out in a conventional manner. Each stained section was scanned by high resolution scanner (Epson Perfection V700 photo), and each hemisphere was compared by Image J. The infarct lesion was drawn using a graphic tablet tool, and the relative infarct size was expressed as a percentage, which was calculated by comparing the lesioned hemisphere with the intact hemisphere. The size was presented as percentage of the corresponding intact tissue.
Infarct Size=
Lesion size ×100 Non-lesion size
Tissue preparation and immunohistochemistry
After completing behavioral testing, animals were perfused transcardially with 50 ml of 0.9% NaCl (with heparin), followed by 50 ml of ice-cold 4% paraformaldehyde. Tissue remained in ice-cold 4% paraformaldehyde for one day and was sequentially transferred at one-day intervals into 10%, 20% and 30% sucrose, respectively, until it sank to the bottom of the container. Tissue was then sectioned at 30 μm using a cryostat and sections were stored at -20℃ until immunohistochemistry was performed.
Transplanted hUCB-MSCs were identified with a humanspecific monoclonal antibody to nuclear antigen (MAB 1281; 1:500; Chemicon, Temecula, CA). After blocking in normal goat serum, sections were double labeled with mouse anti-human nuclei and rabbit anti-laminin (1:400; Sigma), mouse anti-human nuclei and rabbit anti-GFAP (1:400; Millipore). In addition, single labeling of mouse anti-nestin (1:400; Millipore), mouse anti-GFAP-delta (1:500; Millipore), anti-rabbit COX2 (1:400; abcam), anti-rabbit TNFα (1:200; abcam) and anti-rabbit TGFβRII (1:500; Millipore) was performed overnight at 4℃. On the following day, sections were rinsed and incubated in secondary antibody conjugated to rhodamine, FITC (1:1000; Alexa 594 and 488; Molecular Probes). The sections were washed, mounted, and coverslipped with Vectashield mounting medium including DAPI (Vector Laboratories, Burlingame, CA) prior to examination under epifluorescence on an Olympus BX60 microscope. To verify that rhodamine labeling was specific to the hUCB-MSCs, the sections were also observed under theisothiocynate (FITC) wavelength. Any labeled cell observed under both conditions was determined to not be a hUCB-MSCs.
TUNEL assay
Apoptotic cells can be detected by terminal deoxynucleotidyl transferase(TdT)-mediated dUTP-biotin nick end labeling (TUNEL) assays in the control and experimental groups with the in situ cell death detection kit, TMR Red (Roche Diagnostics, Mannheim, Germany).
Statistical analysis
Statistical analysis was performed using Graph-Pad Prism version 3.03 (GraphPad Software. Inc., San Diego, CA). All data are reported as mean±SEM. The quantified data for laminin, GFAP, human-nuclei, nestin, GFAP-delta, TUNEL, COX2, TNFα and TGFβRII in the control and experimental groups were analyzed by Student' s t-test. The resulting projection image was loaded into image analysis software (Image-Pro Plus, Media Cybernetics Co., Silver Spring, MD). A similar threshold was set for all images, and the area of specific immunoreactivity was measured using an image analyzer. Immunoreactivity was then expressed as the average number of positive cells per cubic millimeter. For the behavioral studies, results were analyzed by two-way repeated-measures ANOVA and the infarct size were analyzed by ANVOVA. 
RESULTS
Limited therapeutic effects of repeated hUCB-MSC treatment
Additional hUCB-MSC administration did not improve functional outcome.
To evaluate the therapeutic effects of repeated treatment, rats were treated with 5.0×10 5 of hUCB-MSCs into the ischemic zone (the dorsolateral striatum and the cortex) two and nine days after inducing brain ischemia with MCAO. We previously have conducted the experiment regarding determining the appropriate number of cells in our previous published paper (J Neurosci Res 93: 1814-1825). Based on the results of this previous report, we concluded that the number of cells used for this study would be Repeated Therapy Using hUCB-MSCs for Ischemia appropriate to observe the therapeutic outcome of MCAO model followed by MSCs injections. Motor function was evaluated weekly by rotarod and modified LPT. Control animals that received 1X PBS showed minimal spontaneous recovery during the first week and reached a plateau thereafter (Fig. 1B, C) . Rats treated with hUCB-MSCs showed higher recovery than the control group in the rotarod and LPTs on day 28 in D-2 groups with higher scores (56.91±5.1 versus 80.86±5.7, %) and lower scores (3.80±0.89 versus 1.85±0.55 point) on the rotarod and LPTs, respectively. However, additional treated rats with hUCB-MSCs was no different from control group statistically in the rotarod (Fig.  1B, C) . These results indicate that additional injection of hUCB-MSC was no different from that of single injection in terms of functional improvements in MCAO model. 
Infarct size does not change with repeated administration of hUBC-MSCs
The control group infarct volume was around 43% of the intact contralateral hemisphere. Infarct volume spontaneously decreased to 45-52% in control animals after 28 days, while the infarct volume of both single and repeated hUCB-MSC treated groups continued to decrease (Fig. 1D, 28 .93±5.05%, 30.05±6.0%).
However, the difference between the two treatment groups was not significant. These data indicate that the higher motor function observed in both hUCB-MSC injected groups correlated to less ischemic damage and higher tissue integrity in the host brain 28 days after MCAO; however, repeated dosing did not improve any endpoints. 
Repeated Therapy Using hUCB-MSCs for Ischemia
Single and repeated hUCB-MSC treatment similarly increased angiogenesis
To determine whether the second administration of hUCBMSCs further enhanced angiogenesis of endothelial cells, we performed double immunohistochemical analysis. Single treatment of hUCB-MSCs at day two increased the percentage of laminin positive cells in the ischemic boundary zone at 28 days after MCAO compared to control animals. Laminin, a major family of extracellular matrix molecules present in basement membranes. it was reported that laminin-111, -411, -511 and -332 and their associated signalling that regulates cell behaviour and angiogenesis under normal and pathological conditions [21] . However, we observed no additional increase in the percentage of laminin positive cells after the second injection of hUCB-MSCs at day seven ( Fig. 2A and C) .
Ischemia induced expression of GFAP was not different between single and repeated administration of hUCB-MSCs
Colocalization of anti-human nuclei and GFAP was confirmed through double fluorescence labeling. Expression of GFAP was limited to a population of cells in the border zone of the ischemic cortex. Expression of anti-human nuclei was observed near the GFAP positive cells. While both hUCB-MSC treatment groups, D-2 and D-2+7, significantly increased the number of GFAP positive cells, no statistical difference was found between single and repeated administrations of hUCB-MSCs (Fig. 2B and D) .
hUCB-MSC treatment increased the expression of nestin and GFAP-delta but repeated administration did not improve outcomes compared to single administration
To determine whether improved motor function after hUCB-MSC treatment was associated with increased neurogenesis, immunohistochemistry was performed with nestin and GFAPdelta in control, D-2 and D-2+7 groups. In the adult human, GFAPδ is a marker for neural stem cells. GFAPδ is highly expressed in the adult human SVZ. It co-labels with stem cells markers such as sex-determining region Y-box 2 (Sox2) and nestin, as well as the cell division markers minichromosome maintenance complex component 2 (MCM2) and proliferating nuclear antigen (PCNA) [22] . D-2 treatment animals exhibited significantly increased nestin and GFAP-delta positive cells in the ischemic boundary zone 28 days after MCAO. The number of nestin and GFAP-delta positive cells was not statistically different between D-2 and D-2+7 hUCB-MSC treatment groups (Fig.  3A~D, 37 .8±1.4%, 52.8±5.5%, *p<0.05).
hUCB-MSC administration promotes anti-inflammatory effects
To confirm that hUCB-MSC treatment promotes anti-inflammation, we performed immunohistochemical labeling of inflammatory related proteins, including; tumor necrosis factor alpha (TNFα), transforming growth factor, beta receptor III (TGFβRII), and cyclooxygenase-2 (COX2). Immunostaining for TNF-α and TGFβRIII indicated that inflammation was decreased in both hUCB-MSC treated groups, D-2 and D-2+7 (Fig. 4A and  B) . However, there was no significant difference between single and repeated hUCB-MSC treatment groups. These results indicate that hUCB-MSC treatment increases angiogenesis and decreases inflammatory responses after ischemic injury and that these 
DISCUSSION
We demonstrated that both single and repeated hUCB-MSC treatments after MCAO markedly improved motor function 28 days after the insult. However, the repeated treatment group (D-2+7) did not exhibit enhanced functional outcome compared to the single treatment group (D-2). Furthermore, there was no difference in infarct size between D-2 and D-2+7 groups. Notably, the group with additional treatment was not associated with improvement in functional outcomes in behavioral tests compared to the group with single injection. These findings indicate that the beneficial effect of the first and second administration of hUCB-MSC treatment depends on microenvironmental changes after stroke. Therefore, it is speculated that no functional effect of additional injection of MSCs might have been due to the response of hUCB-MSCs to the brain milieu.
It has been suggested that MSCs treatment decreases brain damage by inhibiting injurious processes, by replacing lost tissue, and/or by enhancing endogenous repair processes [1, 5, [23] [24] [25] [26] [27] . We detected a few anti-human nuclei positive cells indicative of transplant origin at 35 days after MCAO. hUCB-MSC treatment two days after stroke resulted in enhanced endogenous cell proliferation and survival, and differentiation of recently divided cells. These findings indicate that hUCB-MSC treatment stimulates endogenous cell proliferation, survival, and differentiation. In addition, inhibition of injurious processes may also contribute to the beneficial effects of MSC treatment [1, 24, 25] .
Data in the present study showed that delayed cell administration disappeared when the treatment period was extended to seven days, indicating that this particular hUCB-MSC therapy only protects against acute ischemic neuronal death. Other postischemic events have been linked with this delayed neuronal damage and are independent of the initial insult. We hypothesized that the differential effect of hUCB-MSC treatment at two or two and nine days was dependent on the response of hUCB-MSCs to the brain milieu. In addition, GFAP infiltration, and neurogenic and angiogenic factor expression are similar in single and repeated treatment groups. These results suggest that changes in ischemic Most affected genes were distributed among 12 functional categories in ischemic conditions [28] . Immediate early genes, transcription factors, and heat shock proteins were up-regulated as early as 30 minutes after MCAO, followed by the up-regulation of inflammation, apoptosis, cytoskeletal, and metabolism genes, which peaked within 4~24 hours after injury ( Table 1) . Neurotrophic growth factors exhibited sustained up-regulation as early as 24 hours after MCAO and persisted through seven days post-injury. Three classes of genes were down-regulated with distinct temporal patterns: ion channel genes and neurotransmitter receptor genes were down-regulated for 8~24 hours after injury, whereas synaptic protein genes were down-regulated between 3~7 days after MCAO. Over 60% of the synaptic protein genes identified were up-regulated in the initial phase of brain ischemia. As a functional group, most synaptic protein genes showed distinct down-regulation during the delayed phase of ischemic injury. Synaptic proteins are involved in the regulatory process of synaptic-vesicle cycling at nerve terminals and play essential roles in neurotransmitter exocytosis by controlling docking, fusing, and trafficking of synaptic vesicles at the synapse upon cell stimulation.
Although many genes were expressed differentially at multiple points, it is interesting to note that there was limited overlap of molecular activities between early and late responsive genes. Although apoptosis and inflammation promote neuronal death, endogenous defense systems are also activated after ischemic attack to protect against cell death. In this study, an increasing number of growth factors were up-regulated throughout the seven days of injury period. It has been shown that growth factors enhance neuronal survival, promote neo-angiogenesis, and may also participate in phagocytic activity after global or focal brain ischemia [29, 30] . These neural repair mechanisms require the participation of microglial cells and astrocytes, which are more viable at late stages of ischemia and therefore able to aid in tissue remodeling and long-term recovery. Activation of astrocytes and glial cells have also been purported to maintain cellular survival after brain ischemia, as evidenced by increased expression of some cytoskeletal genes such as GFAP, vimentin, and nestin throughout the seven days injury period.
The use of MSCs as a therapeutic modality for stroke is attractive. Preclinical studies have established the potential role of MSCs to be a useful and safe treatment for stroke in humans. After peripheral injection, MSCs cross the blood-brain barrier preferentially in areas that have experienced brain damage [31, 32] . Intravenous application of MSCs reduced apoptosis and promoted endogenous cellular proliferation after stroke [1] . Animal models of stroke were also found to undergo functional improvementsfollowing MSC transplantation [5] . However, most of the experimental cell therapies used to improve motor function have been performed during the acute phase, and therefore, it is difficult to determine whether acute phase cell therapy is associated with he effect of spontaneous recovery. As a functional group, most synaptic protein genes showed distinct down-regulation at the delayed phase of ischemic injury. Synaptic proteins are involved in the regulatory process of synapticvesicle cycling at nerve terminals and play essential roles in neurotransmitter exocytosis by controlling docking, fusing, and trafficking of synaptic vesicles at the synapse upon cell stimulation. Compared to this previous report, initial positive factors that were secreted by MSCs decrease gradually towards the end, coinciding with our results that additional treatment at day nine may not elicit any synergistic effects.
Although our study provides meaningful results associated with therapeutic consequences of MSCs in MCAO model, it has several limitations.
First, additional control group in group 3 should have received PBS 2 and 9 days after MCAO model was generated to compare the therapeutic efficacy between repeated and single administration. Second, although additional cells were transplanted in D-2+7 group as opposed to D-2 group, the number of HuNu cells appears to be the same in these 2 groups. A possible explanation for such phenomenon is not yet clear. And last, although intrastriatal injection was demonstrated to be an effective method of cell transplantation in our research, such an injection method has been known to be invasive compared to intra-arterial or intravenous injection methods, and therefore, clinical application of intrastriatal injection seems to be implausible at this point.
